Introduction
Atherosclerotic arterial disease is one of the leading causes of morbidity, mortality and disability worldwide, and the prevalence of atherosclerosis (AS) is increasing in developing countries (1, 2) . AS is initiated by circulating monocytes infiltrating the subendothelial space in response to multiple stimuli, such as hyperlipidemia, and then differentiating into macrophages. These macrophages devour massive amounts of cholesteryl esters to become foam cells, a hallmark of the early stage of atherosclerotic lesions (3) . Mechanistically, lipid metabolism disorder and chronic immuno-inflammation are the two well-recognized mechanism sunder lying foam cell formation.
Recently, mammalian target of rapamycin (mTOR) has drawn much attention as it plays a role in a variety of human diseases including AS, obesity, diabetes and cancer (4) (5) (6) (7) . The relationship between mTOR and AS is an emerging topic of research (8, 9) . For instance, rapamycin, an mTOR inhibitor, has been shown to interfere with atherogenes is by attenuating inflammation and enhancing atherosclerotic plaque stability in various mammalian atherosclerotic models. Rapamycin, an mTOR inhibitor, mediates its effects without altering serum lipid levels, although it is currently used to treat hyperlipidemia and hypercholesterolemia (10, 11) . The discrepant findings regarding rapamycin's effects on circulating lipid levels in animal models and human patients remain to be addressed. In addition, mTOR inhibition prevents lipid accumulation and mTOR signaling promotes foam cell formation and inhibits foam cell egress through suppressing the SIRT1 signaling pathway HAIXIANG (12, 13) . For example, the mTOR signaling pathway was shown to be activated during THP-1 (Human acute monocytic leukemia cells) foam cell formation, and rapamycin or silencing mTOR suppressed this activation and increased the expression of cellular lipid efflux mediator adenosine triphosphate-binding cassette transporter A1 (ABCA1) (14) . Collectively, these findings point to a potential correlation between mTOR and inflammation and cholesterol metabolism during foam cell formation in AS. Recent studies also implicated mTOR in regulating diverse functions of professional antigen-presenting cells (APC), including dendritic cells (DCs) and macrophages (15) . Consistently, rapamycin selectively promotes migration of mouse DCs to lymph nodes in vivo by enhancing the expression of C-C chemokine receptor type 7 (CCR7) (16) , which is required for foam cell formation. CCR7 expression is mediated in part by liver X receptor (LXR) activation in atherosclerotic lesions, and both CCR7 and LXR are involved in plaque regression in ApoE -/-mice (17, 18) . Thus, both mTOR and LXR signaling mediate expression of CCR7 during plaque regression, suggesting a potential functional link between mTOR and LXR signaling.
The transcription factor nuclear factor-κB (NF-κB) regulates various cytokines and chemical factors and inflammatory responses, which are predominant characteristics of AS development (19) . Regulation of NF-κB activity has been well studied, and one mechanism involves Sirtuin 1 (SIRT1). SIRT1 suppresses autophagy through activating NF-κB (20) , but we revealed that SIRT1 can also prevent AS by activating LXR and inhibiting NF-κB signaling (21) . Thus, SIRT1 appears to function upstream of the LXR/NF-κB axis. Whether SIRT1 mediates NF-κB in a positive or a negative way appears to be context-dependent.
Accumulating evidence indicates that there is a functional interaction between SIRT1 and mTOR. For example, rapamycin restored SIRT1-induced suppression of autophagy (20) , and SIRT1 was required for the rapamycin-mediated effects on high glucose-induced mesangial cell senescence (22) , suggesting a functional link between mTOR and SIRT1. Indeed, it was reported that SIRT1 negatively regulates mTOR and that mTOR inhibition increases SIRT1 activity (23, 24) . These findings point to the possibility that mTOR and SIRT1 may be part of the same signaling pathway in AS pathogenesis, in which foam cell formation and egression are two important processes.
Herein, we hypothesized that mTOR signaling promotes monocyte-derived foam cell formation and inhibits foam cell egress through downregulating SIRT1/LXR/CCR7 and upregulating NF-κB signaling. To test our hypothesis, we investigated the expression of key factors in mTOR and SIRT1/LXR/CCR7 signaling in U937-derived foam cells in vitro and discussed the functional relationship between the two signaling pathways. Antibodies. Monoclonal antibodies against mTOR and phosphorylated (p)-mTOR were purchased from Cell Signaling Technology (Danvers, MA, USA). p-ribosomal protein S6 kinase (p70S6K), SIRT1, LXRα and NF-κB antibodies were purchased from Santa Cruz Biotechnology. Antibodies against CCR7 and tumor necrosis factor-α (TNF-α) and donkey anti-rabbit IgG H&L (Alexa Fluor ® 594) were purchased from Abcam (Cambridge, UK). β-actin antibody was obtained from Zhon Shan Golden Brid (Beijing, China).
Materials and methods

Reagents
U937 cell differentiation and foam cell formation. The human monocytic cell line U937 was purchased from the Type Culture Collection (Chinese Academy of Sciences, Shanghai, China) and cultured in a humidified atmosphere at 37˚C containing 5% CO 2 in RPMI-1640 supplemented with 10% fetal bovine serum (FBS; Biowest, Logan, UT, USA), penicillin (100 U/ml) and streptomycin (100 mg/ml). U937 cells were cultured in 6-well plates (2x10 6 cells/well) and incubated with 160 nM PMA for 24 h, the differentiated macrophages were then harvested. Foam cell formation was induced by incubation of U937-derived macrophages with PA (0.2 mM) and ox-LDL (80 µg/ml) for another 24 h.
Oil red O staining. The U937-derived foam cells were induced successfully in 6-well cell culture clusters. Media was aspirated and the cells were fixed in 4% paraformaldehyde for half an hour. Subsequently, cells were stained with freshly diluted 0.3% Oil red O solution for 30 min at room temperature (RT). Thereafter, Oil red O solution was removed and cells were re-stained with hematoxylin for 10 sec before mounting with glycerin gelatin. Cells were observed under a light microscope (Leica DM2500; Leica Microsystems, Mannheim, Germany) at x400 magnification and then photographed using a BX-51 camera (Olympus, Tokyo, Japan).
Cell viability and proliferation assay. U937 cell viability was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, cells were cultured in 96-well plates (1x10 4 cells/well) with 100 µl medium. The medium was refreshed with different concentrations of rapamycin (0.01-100 nM) and cultured for 24 h.Thereafter, MTT (5 mg/ml) was added to each well including control (one set of wells with MTT but no cells), and the cells were cultured for another 4 h at 37˚C Triple liquid [10% sodium dodecyl sulfate (SDS), 5% isobutanol, 0.012 mol/l hydrochloric acid, dissolved in distilled water] was added to each well. After covering with tinfoil and agitating cells on an orbital shaker for 15 min, the absorbance of each sample was measured at 570 nm by a microtiter plate reader (Multiskan MK3; Thermo Scientific, Helsinki, Finland). All experiments were repeated in triplicate.
Immunofluorescence staining. For immunofluorescence analysis, U937-derived foam cells were fixed in 4% paraformaldehyde in 1X phosphate-buffered saline (PBS) for 15 min and permeabilized with 0.1% Triton X-100 in 1X PBS for 10 min. After being blocked with 3% bovine serum albumin (BSA) in 1X PBS for 30 min, cells were incubated with NF-κB p65 antibody at 4˚C overnight and washed twice with 0.1% Tween-20 in 1X PBS every 5 min, followed by incubation for 1 h with Alexa 594-labeled anti-rabbit IgG secondary antibody at RT. Cell nuclei were stained with 200 ng/ml DAPI for 10 min at RT and the cells were mounted in PVA-DABCO. Images were captured using a FV1000 confocal laser scanning microscope (Olympus).
Real-time reverse transcription quantitative PCR (real-time RT-PCR) analysis.
Total RNA was extracted from cells using TRIzol reagent RNAiso Plus (Takara, Dalian, China) according to the manufacturer's instructions. The concentration and purity of the RNA were measured and determined by NanoDrop 2000c (Thermo Scientific, Waltham, MA, USA) and the OD260/280 value was 1.9-2.1. Extracted RNA was reverse-transcribed with PrimeScript™ RT reagent kit with gDNA eraser (Takara). Real-time PCR was performed using ABI Prism 7500 systems (Applied Biosystems, Foster City, CA, USA) with GoTaq ® qPCR Master Mix (Promega Corporation, Madison, WI, USA). Amplification was carried out in a total volume of 20 µl and 40 cycles after pre-denaturation (95˚C for 10 min) followed by: 95˚C for 15 sec and 60˚C for 1 min. The primer sequences used in real-time-PCR are shown in Table I . Experiments were performed in triplicate for each sample. The relative amount of mRNA was calculated using the comparative CT method. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as the reference housekeeping gene. A melting curve analysis was performed after amplification to verify the accuracy of the amplicon.
Western blot analysis. Cells were lysed using RIPA lysis buffer containing 150 mM NaCl, 1.0% NP-40, 50 mM Tris·HCl (pH 7.4), 0.5% sodium deoxycholate, and 0.1% SDS. Proteins were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes (Merck Millipore, Darmstadt, Germany). After being washed once with Tris-buffered saline (TBS), the membranes were blocked in 5% skimmed milk in TBS-Tween (TBST) for 1 h and incubated with primary antibodies at 4˚C overnight, followed by another incubation with an appropriate secondary antibody at RT for 1 h. The immunoblots were visualized by enhanced chemiluminescence (Advansta, Menlo Park, CA, USA). Signal intensities were measured by Quantity One software (Bio-Rad, Hercules, CA, USA).
Statistics. Data are presented as means ± standard deviation (SD) from at least three independent experiments. Results were statistically analyzed with unpaired Student's t-test or one-way analysis of variance (ANOVA) using the statistical software GraphPad Prism 5.01 (La Jolla, CA, USA). In all tests, P<0.05 was considered statistically significant.
Results
PA and ox-LDL treatment induces lipid droplet accumulation and upregulates p-mTOR and p-p70S6K during foam cell formation.
Foam cell formation was induced in U937-derived macrophages by PA and ox-LDL treatment. Following macrophage differentiation induced by PMA for 24 h, the U937-derived macrophages were divided into three groups: the control group, the PA group, and the PA+ ox-LDL group. After incubation for another 24 h, a larger number of lipid droplets accumulated in the cells in the PA+ ox-LDL group compared to the control and PA groups, as revealed by Oil red O staining (Fig. 1A-C) . We also evaluated changes in p-mTOR and p-p70S6K protein levels in cells from these three groups by Western blot analysis. As demonstrated in Fig. 1D and E, p-mTOR and p-p70S6K expression were upregulated in the PA+ ox-LDL group compared to the other two groups. Thus, foam cell formation upregulates expression of p-mTOR and p-p70S6K.
LPA upregulates p-mTOR and p-p70S6K but decreases SIRT1 expression. LPA has been reported to promote atherosclerotic ACTAGTGTGAACAGAGGGCC  CATTGCCTTTCCATAGCCCC  SIRT1  GCTCGCCTTGCTGTAGACTTCC  GCAACCTGTTCCAGCGTGTCT  NF-kB  TGTCCAGCTTCGGAGGAAAT  TCTGACGTTTCCTCTGCACT  TNF-α  TCTTCTGCCTGCTGCACTTT  TCAGCTTGAGGGTTTGCTACA  LXR-α  ATGCCGAGTTTGCCTTGC  CATCCGTGGGAACATCAGT  CCR7  CATCAGCATTGACCGCTACG  GTATCCAGATGCCCACACAGG  ABCA1  TCCTCCTGGTGAGTGCTTTG  GGGACTCCTCTCAAAAGGGC  GAPDH  TGAACGGGAAGCTCACTGG  TCCACCACCCTGTTGCTGTA mTOR, mammalian target of rapamycin; p70S6K, ribosomal protein S6 kinase; TNF-α, tumor necrosis factor α; CCR7, C-C chemokine receptor type 7; SIRT1, sirtuin 1; LXR-α, liver X receptor α; ABCA1, ATP-binding cassette transporter A1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
lesion formation by promoting monocyte migration from the bloodstream into the vascular wall and decreasing monocyte-derived cell emigration from the vessel wall (25) .To better understand the effects of atherogenetic conditions on mTOR signaling, U937-derived macrophages were incubated with different LPA concentrations (0, 10, 20 and 30 µM) to induce foam cell formation. We used Oil red O staining to observe lipid accumulation and found that 30 µM LPS increased the number of lipid droplets in the cultured cells ( Fig. 2A and B) .
Next, the effects of LPA on the expression of p-mTOR, p-p70S6K and SIRT1 were assessed by western blot analysis. As shown in Fig. 2E and F, p-mTOR and its downstream factor p-p70S6K were upregulated by 30 µM LPA, while SIRT1 expression was downregulated. Therefore, 30 µM LPA was chosen for the subsequent foam cell formation experiments.
Rapamycin reduces cell viability. To determine whether rapamycin affects cell viability, U937 cells were incubated with rapamycin at different concentrations (0, 0.01, 0.1, 1, 10, and 100 nM) in RPMI-1640 for 24 h and then cell viability was evaluated by the MTT method. As demonstrated in Fig. 3 , rapamycin treatment dose-dependently decreased cell viability, from 94±2% at 0.01 nM to 85±4% at 1 nM (P<0.05, vs. 0). Increases in rapamycin concentration to 10 or 100 nM did not further reduce cell viability (86±4 and 88±2%, respectively). Therefore, in order to achieve the maximal inhibitory effects, 100 nM rapamycin was used for the subsequent experiments.
Rapamycin reduces lipid droplet accumulation and inhibits mTOR signaling in ox-LDL, PA and LPA induced foam cells.
We next investigated if rapamycin could inhibit mTOR in U937-derived foam cells induced by PA, ox-LDL and LPA. As expected, Oil red O staining revealed accumulation of lipid droplets in the foam cells treated with PA, ox-LDL and LPA, which was significantly decreased by 100 nM rapamycin ( Fig. 4A and B) . The effects of rapamycin on mRNA expression of mTOR and p70S6K were also assessed. As shown in Fig. 4C and D, exposure to 100 nM rapamycin at varying time-points (6, 12, and 24 h) decreased mTOR and p70S6K expression compared to control (0 h), with the most significant inhibitory effect observed at 12 h. Consistent with the above observations, western blot analysis revealed that 12 h rapamycin treatment substantially reduced mTOR, p-mTOR, and p-p70S6K (P<0.05) protein expression (Fig. 4E-H) .
Based on these observations, we conclude that rapamycin suppresses mTOR signaling, and we used a 12 h treatment in the subsequent experiments.
Rapamycin increases SIRT1 signaling but decreases NF-κB activity in foam cells. Next, we investigated the functional relationship between mTOR and SIRT1 signaling. To do so we measured the expression of SIRT1 signaling factors, including SIRT1, LXRα, CCR7, ABCA1 and NF-κB, in the foam cells in the absence or presence of rapamycin using real-time RT-PCR and Western blot analyses. SIRT1, LXRα, CCR7 and ABCA1 mRNA levels were significantly decreased but NF-κB and its downstream factor TNF-α was upregulated in foam cells. However, rapamycin (100 nM) treatment for 12 h significantly increased SIRT1, LXRα, CCR7 and ABCA1 mRNA levels but decreased the NF-κB and TNF-α (Fig. 5A-F ). In line with the above observations, SIRT1, LXRα and CCR7 protein expression were decreased but NF-κB and TNF-α were increased in foam cells, and these changes were reversed by 12 h rapamycin treatment (Fig. 5G-L) . Immunofluorescence analysis showed that foam cells exhibited more NF-κB nuclear staining compared to the control cells, suggesting that NF-κB signaling is activated in foam cells. However, this increased nuclear expression of NF-κB was decreased by rapamycin treatment (Fig. 6) . Thus, our data indicate that rapamycin increases SIRT1 signaling but decreases NF-κB activity in foam cells.
Discussion
In the present study, we established a cell model of foam cell formation, which is the main pathological process in early AS. When U937 cells were cultured in the presence of high fat and high cholesterol, mTOR and p70S6K expression, as well as their phosphorylated forms, were upregulated indicating that mTOR signaling was activated during foam cell formation. These findings are consistent with accumulating evidence showing that mTOR signaling plays an imperative role in lipid metabolism (26) and AS (27) . In our in vitro model, we further explored the functional link between mTOR and SIRT1 signaling during the formation of foam cells and concluded that mTOR promotes foam cell formation through suppressing SIRT1 signaling.
Recent studies supported the notion that mTOR signaling contributes to AS pathogenesis and that mTOR inhibitors, such as rapamycin, have pleiotropic anti-atherosclerotic effects that prevent or delay AS progression (8) . In the present study, we used U937 cells to establish a cell model of foam cell formation induced by PA + ox-LDL, and we also measured the expression levels of mTOR and SIRT1in foam cells treated with LPA, which mimics atherosclerotic lesions in vivo. LPA, as a lipid mediator, has been reported to play important roles in inflammation and AS (28, 29) . Consistent with the above reports, we observed increased levels of mTOR and its downstream p70S6K in foam cells, suggesting that mTOR signaling is activated during foam cell formation. As expected, these increases were attenuated by 100 nM rapamycin, with a maximum inhibition achieved at 12 h in PA + ox-LDL-induced foam cells. Intriguingly, the increase in mTOR activity was coincidental with the decrease in SIRT1 expression, and rapamycin also suppressed the decrease in SIRT1. Similarly, in the LPA induced atherosclerotic lesion model, mTOR signaling was significantly increased but SIRT1 was decreased. Previous findings revealed that SIRT1 negatively mediated mTOR under stress conditions (30) , and that SIRT1 negatively regulated mTOR and vice versa (23, 24) . Our findings further support the potential link between elevated mTOR signaling and decreased SIRT1 activity in foam cells, although the evidence for a direct functional correlation between these two remains unknown.
Normal mTOR activity in endothelial cells requires proper cholesterol trafficking (31) . LXRα and its downstream factors, CCR7 and ABCA1, contribute to cholesterol trafficking, and thus are involved in AS regression. For instance, increased expression of CCR7, as a requisite factor for DC migration, was shown to play a crucial role in AS regression in ApoE -/ -mice (17). Also, LXR-CCR7 signaling participated in monocyte-derived cell egression during AS regression in mice (18) . Therefore, activation of the LXRα-CCR7-ABCA1axis is believed to mitigate AS. Indeed, in the present study, LXRα expression, and its downstream factors CCR7 and ABCA1, were reduced during foam cell formation. However, rapamycin treatment rescued this reduction. Combined with our previous findings suggesting that SIRT1 prevents AS through LXRα signaling (21) , it is possible that mTOR inhibition may retard AS pathogenesis and promote foam cell egression by upregulating SIRT1, further enhancing the LXRα-CCR7 signaling pathway. Therefore, we believe that the SIRT1-LXRα-CCR7 signaling pathway mediates rapamycin-induced beneficial effects on AS. AS is also regarded as a low level chronic immumoinflammatory disease. NF-κB, a core transcription factor involved in the pro-inflammatory response, controls expression of several important genes (including TNF-α) directing the initiation and progression of AS (19) . Activated endothelial NF-κB signaling promotes macrophage recruitment to atherosclerotic plaques (32) . More specifically, macrophage-derived foam cells can secrete TNF-α and other cytokines to recruit immune cells, contributing to the formation of atherosclerotic plaques, further increasing the risk of cardiovascular events (19) . Also, inflammation downregulated the expression of ABCA1 and LXRα, which may reduce cholesterol efflux (33) . However, SIRT1 inhibits the transcriptional activity of NF-κB via deacetylation (34) , and regulates the efficiency of NF-κB signaling via altering pro-inflammatory responses (35) . Consistent with the above observations, our study showed that NF-κB expression and its target gene, TNF-α, were enhanced during foam cell formation, but this effect was reversed by rapamycin, indicating that mTOR inhibition may suppress foam cell formation by enhancing SIRT1-NF-κB signaling.
Calorie restriction (CR), which limits calorie intake without compromising essential nutrients, could extend lifespan and delay age-related diseases, such as AS, by increasing SIRT1 activity (36) . Our previous study showed that SIRT1 expression was increased under CR (21) . In addition, it was shown that CR slowed aging and delayed age-associated diseases by deactivating the mTOR pathway (37, 38) , indicating that both SIRT1 and mTOR signaling are involved in CR-linked responses. Similarly, in the present study we found that SIRT1 was activated by mTOR inhibition in foam cells, followed by enhanced expression of LXR and CCR7 and suppressed NF-κB signaling. Thus, it appears that the functional interaction between mTOR and SIRT1 represents a general paradigm that is involved in different pathophysiological settings. We speculate that mTOR inhibition may selectively increase SIRT1-LXR-CCR7 and decrease NF-κB signaling, thus repressing foam cell formation and promoting foam cell egression (Fig. 7) .
In conclusion, in the present study we demonstrated that mTOR signaling is upregulated during foam cell formation induced by PA and ox-LDL, as well as LPA-mediated AS that mimics a high fat and high cholesterol environment. Furthermore, we showed that potentiated mTOR signaling is coincident with enhanced NF-κB and decreased SIRT1-LXRα-CCR7 signaling. The changes in the above-mentioned signaling pathways were reversed by the mTOR inhibitor, rapamycin. Hence, mTOR signaling may promote foam cell formation and inhibit foam cell egression through suppressing SIRT1-LXR-CCR7 and enhancing NF-κB signaling, while mTOR inhibition or upregulation of SIRT1 signaling may promote foam cell egress and reduce atherosclerotic plaques clinically.
